1. Introduction {#sec1}
===============

Daytime sleepiness is a universal issue in our everyday life. Particularly in the early afternoon, many people struggle to maintain the required alertness level. Napping, as a practical countermeasure to daytime sleepiness induced by insufficient sleep as well as homeostatic sleep drive, has also been reported to significantly influence human cognitive performance, emotion regulation, decision making, social interactions, and traffic driving \[[@B17]--[@B33]\]. Of these areas, multiple studies have investigated and established the effects of a nap on cognition during biological night and day (see reviews \[[@B17]--[@B22]\]). As suggested by Ficca et al. \[[@B18]\], laboratory studies about the effects of napping on cognition should pay more attention to high-order cognitive functions, especially executive functions. Recently, substantial effort has been undertaken to fill this gap.

Research about the high-order cognitive effects of a short daytime nap has mainly focused on memory and learning \[[@B5]--[@B46]\], though relatively fewer studies have investigated the effects of nap on executive functions (i.e., inhibition, working memory, and cognitive flexibility) \[[@B17], [@B13]\]. The available evidence has consistently demonstrated that a short daytime nap has beneficial effects on working memory \[[@B29]--[@B47]\] and cognitive flexibility \[[@B26], [@B39]\]. Regarding the napping effect on inhibition, however, mixed results have emerged. Some studies have revealed beneficial effects of napping on inhibition. For example, a short daytime nap increased the accuracy of Flanker task for preschool children \[[@B10]\] and a nocturnal nap improved Go/No-go task performance for adults \[[@B42]\]. However, there are also studies suggesting no effect of napping on inhibition. For instance, response inhibition evaluated by Go/No-go task was not affected by sleep restriction by means of nap deprivation and delayed bedtime in early childhood \[[@B38]\]. Several studies have even reported the deleterious influence of napping on inhibition. Lam et al. \[[@B28]\] found that a nap-deprivation group showed significant improvements in Go/No-go task compared with a napping-as-usual group of preschoolers.

These inconsistencies may be due to several factors. First, various types of tasks employed in different studies could explain these contradictory findings. Some studies employed a Flanker task \[[@B10]\] to assess inhibition, while some utilized Go/No-go tasks \[[@B42]--[@B28]\]. It is difficult to directly compare the findings between these studies, since different tasks and study paradigms were employed. Thus, the first purpose of the current study was to investigate the effects of daytime nap on inhibition by using both Flanker and Go/No-go tasks within one study.

In addition, the benefits of a daytime nap may also be influenced by the manipulation of napping itself, in particular with regard to the nap duration and napping habits \[[@B17], [@B18], [@B22]\]. It is well established that a short afternoon nap is more effective than a long one to counteract the postlunch dip in alertness and performance because a long nap might cause sleep inertia \[[@B40], [@B44]\]. Lam et al. \[[@B28]\] also suggested that worse inhibition performance may be caused by sleep inertia immediately after a nap. Moreover, napping habits would be another factor influencing the effect of nap on mental performance. Previous study suggests that habitual nappers benefit more from a nap than individuals who are not used to taking a midday nap \[[@B16]\]. Recent evidence has confirmed that napping habits could mediate the relationship between naps and cognition \[[@B27], [@B34]\]. As the case for China, most people prefer to take a short nap at noon or in the early afternoon as a practical option to alleviate the postlunch dip or as compensation for insufficient sleep at night. Thus, it is of value to perform a daytime nap-deprivation study in the adult population in China. Combined with the fact that research about the effects of daytime nap deprivation on cognition in adult habitual nappers is scarce, the second purpose of the current study is to clarify the influence of regular nap deprivation on habitual nappers\' inhibition.

As a specific kind of sleep restriction, the line of research about sleep deprivation and sleep restriction would provide us with some encouraging evidence about nap deprivation, especially daytime nap deprivation. In a meta-analysis, Lim and Dinges \[[@B31]\] concluded that sleep restriction causes little to no impairment on response inhibition tasks, such as Go/No-go task. However, recent evidence seems to not confirm this expectation. Both one night of total sleep deprivation \[[@B2]--[@B35]\] and four days of partial sleep restriction \[[@B12]\] have been shown to worsen performance on Go/No-go task. Additionally, another line of research employing Flanker task found similar results \[[@B35], [@B23], [@B45]\]. All these studies were conducted at night. However, whether this conclusion could be generalized to daytime nap deprivation requires empirical investigation.

In the current study, we investigated the effects of afternoon nap deprivation on inhibition assessed by Go/No-go task and Flanker task in habitual adult nappers. In addition, the influence of nap deprivation on participants\' subsequent objective and subjective alertness was also investigated using a psychomotor vigilance test (PVT) \[[@B4]\] and the Karolinska Sleepiness Scale (KSS) \[[@B1]\], respectively. Based on findings in previous studies, it was suggested that sleepiness induced by sleep deprivation has domain-specific influences on cognitive performance \[[@B6]--[@B24]\]. In a recent meta-analysis, Wickens et al. \[[@B48]\] have demonstrated that sleep disruption led to less deterioration of complex cognitive task performance compared to simple cognitive task (such as PVT) performance. Hence, we predicted that nap deprivation would decrease subjective alertness and worsen the performance of the PVT, Go/No-go task, and Flanker task. Moreover, inhibition performance in Go/No-go task and Flanker task would be less impaired than simple attentional vigilance performance in the PVT task by nap deprivation.

2. Method {#sec2}
=========

2.1. Participants {#sec2.1}
-----------------

Twenty healthy adults (8 males; 18--24 years old) participated in the study. All participants gave written informed consent before formal study. The study was performed in agreement with the regulations of the Ethics Committee on Research involving Humans at the South China Normal University.

2.2. Screening Procedure and Protocol {#sec2.2}
-------------------------------------

Healthy volunteers were recruited via advertisements at the local university. Only participants who habitually had a nap of 30--40 minutes at afternoon (13:00--14:00 h) were included in this study. All potential participants were requested to complete online questionnaires before the formal study, including questions about demographics, napping behavior, physical and mental health, nighttime sleep quality, and chronotype.

Physical and mental health problems were screened according to the participants\' self-report ratings on the General Medical Questionnaire \[[@B20]\]. No participants reported (1) shift-work or travel to a different time zone in the last 3 months, (2) drug consumption or smoking, (3) body mass index \>25 or \<20, (4) \<7 hours or \>9 hours spent in bed at night, (5) extremely late or extremely early chronotype on the Munich Chronotype Questionnaire (MCTQ) \[[@B36]\], (6) score of the Beck Depression Inventory \>8 \[[@B7]\], and (7) score of Pittsburgh Sleep Quality Index \>5 \[[@B50]\].

Two days before the lab study day, each participant arrived in the laboratory and practiced performing all the experimental tasks. Participants were asked to follow their regular night sleep schedule and to refrain from consuming caffeine or alcohol on each experimental day as well as on the day prior to an experimental day. We used wrist activity monitors (Actiwatch, Philips Respironics) to record participants\' sleep duration during the night and daily activities before experiment days.

2.3. Design and Materials {#sec2.3}
-------------------------

A one-factor nap intervention (nap versus nap-deprivation) within-subject design was adopted in the current study. All participants were tested in the laboratory room on three separate and nonconsecutive days. The first of these was an adaptation day to make participants familiar with the laboratory environment and get used to napping in it. On the other two days, two experimental manipulations with either nap condition or nap-deprivation condition were performed with an interval of at least 3 days. The order of nap manipulations was counterbalanced across participants.

[Figure 1](#fig1){ref-type="fig"} represents the procedure of one experimental session (one instance for a participant who fell asleep at 23:30 h, woke up at 7:30 h, and had a 40 min (time in bed) intervention at 13:00 h). All participants were instructed to arrive at the laboratory before 12:40 h, baseline measurement about subjective alertness was performed with short questionnaires (see below) at the beginning of each experimental session, and then participants were assigned to receive either the nap or nap-deprivation condition. In the nap condition, participants received a 40 min opportunity to nap on a bed in the lab room in dim light (near darkness) while being monitored by an assistant in another room via a webcam. In the nap-deprivation condition, participants were required to sit in the lab room and stay awake for 40 minutes. In this condition, participants were free to read paper books and walk around in the lab room during this period. An assistant stayed with participants to remind them not to doze. After the 40 min intervention (either nap or nap deprivation), all participants received a 20 min opportunity for free activities in the lab room, to minimize any potential effects of sleep inertia.

The test session started at 14:00 h with 2 min for questionnaires about participants\' current alertness. Three computerized cognitive tasks were performed after this. Among these tasks, PVT always came first, and the sequence of the Go/No-go and Flanker tasks was counterbalanced across the participants. All test blocks started with instructions and a few practice trials. Reaction time (RT) and accuracy were both emphasized in the instructions. Subjective alertness was measured again after the final task.

2.4. Assessment of Subjective Alertness and Nap Duration {#sec2.4}
--------------------------------------------------------

Subjective alertness was assessed with the KSS \[[@B1]\] at the beginning (pretest) and end (posttest 1) of the nap intervention, as well as at the end (posttest 2) of the experimental session. Additionally, participants in the nap condition were requested to rate their nap quality (i.e., how long did it take them to fall asleep and awaken fully).

2.5. Cognitive Tasks {#sec2.5}
--------------------

There were three computerized tasks in total in the present study. The auditory version of psychomotor vigilance test (PVT) was adopted to evaluate objective alertness \[[@B4]\]. The Go/No-go task was used to assess response inhibition capacities \[[@B9]\]. In addition, the Flanker task was utilized to evaluate conflict monitoring and resolution \[[@B15]\].

### 2.5.1. Auditory PVT {#sec2.5.1}

During a 10 min auditory PVT, participants were required to press the SPACE key as soon as possible when they heard a beep (100 ms, 1000 Hz) through headphones. Beeps were presented with a randomized interstimulus interval (ISI) ranging from 1000 ms to 9000 ms.

### 2.5.2. Go/No-Go Task {#sec2.5.2}

Stimuli included a capital letter "M" or "W" which appeared in the center of a black screen. Participants were instructed to press the SPACE key as soon as possible for the target "W" (go condition) but not for the nontarget "M" (no-go condition). A fixation cross was presented for 500 ms, followed by a 1000 ms stimulus and with a randomized ISI ranging from 1000 ms to 1500 ms. Each block included 200 trials.

### 2.5.3. Flanker Task {#sec2.5.3}

The target stimulus was an arrow pointing either to the left or to the right at the center of the black screen, surrounded by other arrows. The surrounding Flanker arrows pointed in the same direction as the target arrow in the congruent condition, while the surrounding Flanker arrows pointed in the opposite direction as the target arrow in the incongruent condition. Participants were told to indicate the direction of the target arrow by pressing "J" or "F" on the keyboard, while neglecting the direction of the Flanker arrows. Each block included 80 congruent and 80 incongruent trials.

2.6. Data Analysis {#sec2.6}
------------------

The data from two participants (1 female and 1 male) were missing due to errors when saving data. Thus, eighteen valid datasets (7 male) were used for final statistical analysis. RTs in inaccurate trials and outliers (more than three standard deviations from the mean) were removed before subsequent analysis for Go/No-go and Flanker tasks. The data from one participant (female) was discarded because of outliers (outside three standard deviations from mean) on RT on the Flanker task, which led to seventeen valid datasets (7 males, mean age 21.35 ± 1.87 years). For the PVT data, the overall reaction time, the 10% fastest RTs, and 10% slowest RTs were computed separately after discarding RTs shorter than 100 ms (false start) and trials without a response. Lapses were calculated as the total number of trials without a response and trials with RTs longer than 500 ms. For the Flanker task, average reaction time and accuracy in both congruent and incongruent trials were calculated separately.

For all analyses, SPSS 16.0 was used. Since subjective sleepiness was assessed multiple times. Testing time (pretest, posttest 1, and posttest 2) was added as a within-subjects factor in the analysis on these variables. For the Flanker task, a two-way repeated measure ANOVA with nap intervention (nap versus nap-deprivation) and congruency (congruent versus incongruent) as within-subject factors was conducted on average speed and accuracy. For other task performances, the data were analyzed by a one-way repeated measure ANOVA with the within-subject factors nap intervention (nap versus nap-deprivation) for both reaction speed and accuracy (lapse in the PVT task).

3. Results {#sec3}
==========

3.1. Sleep Duration {#sec3.1}
-------------------

The average nap duration for the participants in the nap condition was 31.76 ± 6.60 (*M* ± SD) minutes and they reported that it took 7.82 ± 2.72 minutes to fully wake up. Analysis of the sleep duration of the previous night indicated that there were no significant differences between nap (440.67 ± 39.84 min), nap-deprivation (448.11 ± 37.45 min), and adaptation conditions (447.33 ± 35.89 min), *ps* \> 0.05.

3.2. Subjective Alertness {#sec3.2}
-------------------------

Repeated-measures ANOVA on the KSS scores revealed a significant effect of nap intervention \[*F*(1, 16) = 71.82, *p* \< 0.001, *η*^2^ = 0.82\], test time \[*F*(2, 32) = 6.94, *p* = 0.006, *η*^2^ = 0.30\], and the nap intervention × test time interaction \[*F*(2,32) = 17.12, *p* \< 0.001, *η*^2^ = 0.52\]. Post hoc tests indicated that participants\' subjective alertness at baseline did not significantly differ between nap or nap-deprivation conditions \[4.76 ± 0.66 versus 4.88 ± 0.70, *p* \> 0.05\], while alertness level was, on average, lower at either posttest 1 \[3.88 ± 1.32 versus 6.71 ± 1.31\] or posttest 2 \[2.29 ± 0.92 versus 5.53 ± 2.45\] in the nap-deprivation condition compared to the nap condition (*ps* \< 0.05).

3.3. Task Performance {#sec3.3}
---------------------

### 3.3.1. Psychomotor Vigilance Task {#sec3.3.1}

[Figure 2](#fig2){ref-type="fig"} shows the average performance on the PVT task in the nap and nap-deprivation conditions. Lapses ([Figure 2(a)](#fig2){ref-type="fig"}) were significantly higher in the nap-deprivation condition than the nap condition, *F*(1,16) = 5.13, *p* = 0.04, *η*^2^ = 0.24. Likewise, the average reaction time for overall PVT trials ([Figure 2(b)](#fig2){ref-type="fig"}) as well as the slowest 10% of the trials ([Figure 2(d)](#fig2){ref-type="fig"}) significantly decreased after nap deprivation, *F*(1, 16) = 5.21, *p* = 0.04, *η*^2^ = 0.25 and *F*(1,16) = 6.87, *p* = 0.02, *η*^2^ = 0.30, respectively. However, the main effect of nap intervention did not reach significance for the average speed of the fastest 10% of the trials ([Figure 2(c)](#fig2){ref-type="fig"}), *F*(1,16) = 2.22, *p* = 0.16, *η*^2^ = 0.12.

### 3.3.2. Go/No-Go Task {#sec3.3.2}

The performance on the Go/No-go task is shown in [Figure 3](#fig3){ref-type="fig"}. Participants in the nap-deprivation condition made significantly more errors on the Go/No-go task than in the nap condition (0.85 ± 0.08 versus 0.91 ± 0.07), *F*(1,16) = 8.95, *p* = 0.009, *η*^2^ = 0.36. Moreover, the effect of nap versus nap-deprivation on reaction speed reached significance as well, *F*(1,16) = 8.82, *p* = 0.009, *η*^2^ = 0.36. The participants responded faster in the nap condition (415.28 ± 110.15 ms) than in the nap-deprivation condition (455.16 ± 125.76 ms).

### 3.3.3. Flanker Task {#sec3.3.3}

[Figure 4](#fig4){ref-type="fig"} shows the results on the Flanker task. A two-way repeated-measures ANOVA with nap intervention (nap versus nap-deprivation) and congruency (congruent versus incongruent) as within-subject factors for accuracy (see [Figure 4(a)](#fig4){ref-type="fig"}) revealed a significant main effect for congruency, *F*(1,16) = 26.27, *p* \< 0.001, *η*^2^ = 0.62. Participants made significantly more accurate responses on congruent trials (0.99 ± 0.02) than on incongruent ones (0.95 ± 0.05). The nap intervention did not have a significant effect on accuracy \[*F*(1,16) = 3.68, *p* = 0.07, *η*^2^ = 0.19\], nor did the interaction between nap intervention and congruency \[*F*(1,16) = 0.26, *p* = 0.62, *η*^2^ = 0.02\].

Similarly, the two-way ANOVA of reaction speed (see [Figure 4(b)](#fig4){ref-type="fig"}) revealed a marginally significant difference for congruency \[*F*(1,16) = 206.08, *p* \< 0.001, *η*^2^ = 0.93\], with participants responding faster in the congruent condition (428.61 ± 41.40 ms) than in the incongruent condition (476.94 ± 42.12 ms). No other significant effects were revealed (*ps* \> 0.05).

4. Discussion {#sec4}
=============

By enrolling adult habitual nappers, the current study investigated the effect of nap deprivation on alertness and inhibition functions. The results suggest that a short nap deprivation significantly increased participants\' subjective sleepiness and worsened the vigilance performance assessed with the PVT task, while only significantly impaired participants\' executive inhibition assessed with Go/No-go task not the Flanker task. Our findings transfer the conclusions drawn from nocturnal sleep restrictions on inhibition to short daytime nap deprivation. Moreover, unlike previous studies about daytime nap deprivation that mainly focused on preschool children \[[@B10], [@B38], [@B28]\], this study put an emphasis on healthy adults with a long-term habit of afternoon naps, which is quite different from those from societies without nap habits. Last but not least, extending previous studies, we employed Go/No-go task and Flanker task simultaneously in one study to explore the potential task-specific effect of daytime nap deprivation on inhibition functions for habitual adult nappers.

Multiple studies have investigated the effects of daytime naps on higher executive functions. The results of these studies, however, are rather inconsistent \[[@B39], [@B3]--[@B49]\]. The current findings reveal that a short afternoon nap deprivation differentially influenced participants\' executive function of response inhibition when assessed with a Go/No-go task and the function of conflict monitoring when assessed with a Flanker task. For the Go/No-go task, participants\' accuracy and reaction speed were both significantly decreased after a short afternoon nap deprivation. This finding is partially in line with those from previous studies that reported either positive, null, or negative effects of a short nap on response inhibition \[[@B42]--[@B28]\]. Although several nocturnal studies have reported significant impairments of sleep deprivation on performance monitoring \[[@B10], [@B35], [@B23], [@B45]\], the current results revealed that neither accuracy nor reaction speed in the Flanker task was affected by a short daytime nap deprivation.

It is possible that differences in individual characteristics and study paradigms could partly explain these contradictory findings between previous studies and those from the current one. First, participants employed in most of the previous studies were preschool children \[[@B10], [@B38], [@B28]\], while adult habitual nappers were employed in the current study. Moreover, participants in the study by Schumacher et al. \[[@B38]\] were sleep-restricted during the night before the experiment day. In addition, while night sleep deprivation was reported to significantly deteriorate Flanker performance \[[@B35], [@B23], [@B45]\], this finding, however, did not transfer to the daytime situation, suggesting participants\' mental functions would be differentially influenced by night sleep deprivation and daytime nap deprivation. Several studies have suggested that frontal brain regions and attentional networks are disrupted during sleep deprivation (see reviews \[[@B31], [@B19]\]). Considering that executive inhibition and monitoring are modulated by the anterior cingulate cortex (ACC) region of the prefrontal cortex (PFC) \[[@B13]\], one could speculate that a short daytime nap deprivation would selectively moderate brain activities involved in prefrontal cortex- (PFC-) oriented tests.

In addition to executive inhibition, the current study also investigated the effect of nap deprivation on participants\' alertness level. The results showed that a short afternoon nap deprivation significantly elevated subjective sleepiness evaluated by KSS for adult habitual nappers. Participants felt sleepier after nap deprivation and reported significantly higher sleepiness throughout the subsequent test sessions than those who had taken a regular afternoon nap. The current findings are comparable with those from previous studies suggesting a short daytime nap significantly increased participants\' alertness in terms of decreased sleepiness and lower alpha and theta power \[[@B25], [@B21]--[@B43]\].

Moreover, the current results showed that a short afternoon nap deprivation significantly deteriorated participants PVT performance, which was used to measure objective alertness level. More response lapses and lower reaction speeds in the PVT task were shown for participants who did not take a regular afternoon nap. These findings confirmed the expectation that performance on a simple reaction time task would benefit more from a daytime nap than relatively complicated executive functions \[[@B34], [@B49]\]. However, Slama et al. \[[@B39]\] did not report significant benefits of an afternoon nap on PVT performance. Again, the differences in individual characteristics and study paradigms make it difficult to directly compare the findings of the Slama et al. \[[@B39]\] study and the current one. Specifically, participants without nap habit were used in Slama et al. \[[@B39]\] study and they were tested after one hour and half past two hours after nap manipulation. These findings may suggest that the relationship between the napping time and the test time could mediate the alerting effect of a short afternoon nap.

Regarding the effect of a short afternoon nap deprivation on different cognitive domains, the current findings revealed that no consistent pattern emerged with respect to the effects of nap deprivation on simple vigilance and higher executive inhibition functions. A short afternoon nap deprivation significantly decreased participants PVT and Go/No-go performance, but not the performance on the Flanker task. There are also some studies that reported differential influences of a short afternoon nap on different cognitive tasks within one study paradigm \[[@B39], [@B3], [@B49]\]. Together, these findings suggest that the effect of a short afternoon nap on cognitive performance depends on the type of task. In addition to cognitive domains, task difficulty would be another potential factor mediating the effect of a short afternoon nap on cognition. Although the Go/No-go task and the Flanker task were both used to measure participants\' executive inhibition ability, it is notable that the difficulties of the tasks themselves were different. Participants performed with relatively high accuracy (higher than 90%) and/or response speed for the Flanker task but not for the Go/No-go task in both nap and nap-deprived conditions. Moreover, Zhang and colleges \[[@B49]\] did not reveal the positive effects of a daytime nap on executive function measured with either a short-term memory recall task or an arithmetic calculation task. However, two recent studies have reported benefits of napping on task-switching tasks used to assess executive function \[[@B26], [@B39]\]. Most of the current studies have restricted their tasks to a limited range of task difficulty levels. Hence, this may lead to an open question on whether the effect of a short nap or sleep on cognitive functions would be mediated simultaneously by the type of task and the task difficulty, which was preliminarily answered by one of our follow-up studies \[[@B37]\]. In this follow-up study, we mainly focus on the beneficial effects of habitual daytime nap on alertness, mood, and cognitive performance, while we put more emphasis on the undesirable influences of habitual daytime nap deprivation on alertness and inhibition functions in the current investigation.

There are also some limitations in the current study. First, we did not employ objective measures (i.e., EEG) of napping behavior in the nap condition; therefore, the parameters of napping (i.e., duration and structure) remain unknown in the present study. Recently, Lau et al. \[[@B29]\] found that rapid-eye-movement sleep was associated with the enhancement of working memory performance after a daytime nap. Future studies could measure electrophysiological activities during the napping phase with polysomnography (PSG) to test the relationship between nap architecture and subsequent inhibition performance. Secondly, the participants were not totally blinded to the manipulation of napping, which may potentially bias the results, but only the subjective ratings of alertness. Thirdly, all the participants in the current study were adults with a long-term habit of afternoon naps. It remains unknown whether the current findings could be extended to nonhabitual nappers. Currently, it would be better for people to take a regular nap before they carry out work that demands alertness and inhibition, especially for those who have an afternoon nap habit.
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![Schematic representation of one experimental session; the exact times of night sleep and daytime nap were identified according to each participant\'s schedule. The three cognitive tasks were performed in pseudorandom order on one specific experimental day and were identical for participants across nap and nap-deprivation conditions. Among these tasks, PVT always came first, and the sequence of the Go/No-go and Flanker tasks was counterbalanced across the participants.](BMRI2018-5702646.001){#fig1}

![PVT task performance. (a) Lapse; (b) average reaction time for all valid trials; (c) average reaction time for the fastest 10% of the trials; and (d) average reaction time for the slowest 10% of the trials for the nap condition (white bars) and the nap-deprivation condition (black bars). Error bars indicate ±1 standard deviation of the mean. ^*∗*^*p* \< 0.05.](BMRI2018-5702646.002){#fig2}

![Go/No-go task performance. (a) Accuracy for the nap condition (white bars) and the nap-deprivation condition (black bars). (b) Average reaction time. Error bars indicate ±1 standard deviation of the mean. ^*∗∗*^*p* \< 0.01.](BMRI2018-5702646.003){#fig3}

![Flanker task performance. (a) Accuracy for the nap condition (white bars) and the nap-deprivation condition (black bars) for congruent and incongruent trials. (b) Average reaction time. Error bars indicate ±1 standard deviation of the mean. ^*∗∗∗*^*p* \< 0.001.](BMRI2018-5702646.004){#fig4}
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